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A table of the geologic ranges of the prin¬ 
cipal animal phyla, prepared by Shrock and 
Twenhofel (1953, p. 11), should be of inter¬ 
est to all students of evolution. According 
to their data, the animal phyla with a good 
fossil record, those having hard parts that 
are readily preserved, all appeared by about 
450 million years ago, and most of them are 
still older. In other words, according to 
present knowledge of the fossil record, the 
major differentiation of the animal king¬ 
dom was completed by about the end of the 
Cambrian period. Probable exceptions to 
this, which would now appear to be few in 
number, would be of two kinds—animal 
phyla with poor or no fossil records and ex¬ 
tinct phyla which are not recognized as such 
now. At the present state of knowledge it 
can be said that only many lesser groups— 
classes, orders, families, and genera—first 
appeared in time less than 450 million years 
ago. 

This would seem to support the assertion 
of Willis (1940, p. 186): 

It is clear that the tests give a very strong evi¬ 
dence indeed in favour of the theory of differen¬ 
tiation or divergent mutation, according to which 
the course of evolution is in the opposite direction 
to what has hitherto been supposed, and by muta¬ 
tions which tend to diminish as time goes on, but 
go in the direction family-genus-species. The or¬ 
ganism that first represents the family is, of course, 
at the same time its first genus and species, but 
these are of different rank from genera and species 
in a larger family. By further mutations this will 
then give rise to further genera and species. The 
first new genus formed will usually be widely di¬ 
vergent from the parent genus of the family, even 
if the family be quite small, e.g. of two genera 
only. Later formations will be less and less diver¬ 
gent on the whole, but will show some of the char¬ 
acters of divergence of their first parents. The 
main lines of divergence are therefore given by 
the latter, and later genera fill them in, as shown 
by a good dichotomous key. 

This is the main theme in Willis’s book, 
and he repeats it many times in various 
ways. In another place Willis (p. 191) 
states: “Evolution goes on in what one may 
call the downward direction from family 


to variety, not in the upward, required by 
the theory of natural selection.” Willis at¬ 
tributes the idea of divergent mutation to 
H. B. Guppy and claims that it was adum¬ 
brated by St. Hilaire. More recently James 
Small (1951, p. 131) has stated the same 
idea: “The general factual picture of evolu¬ 
tion is now one of progressive evolution by 
apparently large steps for the phyla, com¬ 
bined with diversification of genetic pat¬ 
terns downwards from phyla to families, 
genera, species and lower categories.” Schin- 
dewolf (1951, p. 139) has stressed divergent 
mutation, too, as shown by this paragraph: 

Palaeontological evidence suggests that the be¬ 
ginning of each phjdogenetic cycle, irrespective of 
the systematic category concerned, is marked by 
an intensification of evolution. In the later phases, 
the rate of evolution is much smaller and the 
ability to change decreases. An instructive example 
is the evolution of the placental mammals in the 
early Tertiary. In the upper Cretaceous the In- 
sectivora appear, initiating the evolutionary cycle 
of the Eutheria. At the boundary of Cretaceous 
and Tertiary, and in the early Paleocene all other 
known placental orders become differentiated from 
the original group. Twenty-five orders, represent¬ 
ing the entire morphological range of the subclass, 
appear in the relatively short period of 10-15 mil¬ 
lion years, whilst during the subsequent, post- 
Paleocene, period of 60 million years not a single 
new order is added. 

Other workers who have favored the the¬ 
ory of early primary divergence could be 
cited, but the ones either mentioned or 
quoted herein should suffice to show that 
this is not a new idea nor is it without its 
adherents today. The thesis of these work¬ 
ers is that the major subdivisions of a group 
(e.g., classes of a phylum or orders of a 
class) generally originate early in its his¬ 
tory, whereas new subdivisions of lesser 
rank (e.g., genera and species) may arise at 
any time throughout the group’s geologic 
history. 

For this paper the writers have taken 13 
major invertebrate groups with a good pa¬ 
leontologic record and have recorded the 
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geologic ranges of their primary subgroups. 
In the case of a phylum, the geologic ranges 
of its classes were plotted; in the case of a 
class, the geologic ranges of its orders were 
recorded; and so on. With these data we 
hope to show whether the basic pattern of 
evolution is like that described by Willis 
and others who claim that primary diver¬ 
gent mutation occurs early in the history of 
a major group or is like that described by 
other workers who contend that primary di¬ 
vergences occur as a gradual and steady 
process throughout the geologic history of 
each group. The latter idea is convention¬ 
ally considered the more logical pattern in 
evolution. Except for some work by Schin- 
dewolf almost no analyses of this sort have 
been attempted by invertebrate paleontolo¬ 
gists. 

COMPILATION AND PRESENTATION OF DATA 

Thirteen examples are presented, all 
taken from invertebrate groups with a good 
fossil record. The writers have purposely 
avoided groups like the Trilobita and the 
Porifera because so much of the history of 
their divergence ranges back to the base of 
the Cambrian that a long pre-Cambrian 
history might be postulated for both of them 
even though the direct evidence of the fos¬ 
sil record is scanty or absent. We have 
avoided groups where the basic classifica¬ 
tion is not well understood or where the fos¬ 
sil record is rather poor. Our examples are 
drawn from the following phyla: Protozoa 
(1), Coelenterata (3), Bryozoa (1), Bra- 
chiopoda (1), Mollusca (2), Arthropoda 
(1), Echinodermata (3), and Protochordata 
(1). These, we believe, give us a reasonably 
large sample of the invertebrate phyla, al¬ 
though additional examples could have been 
obtained. 

Another way by which we have attempted 
to avoid a bias of the data is to exclude the 
declining phase of a group's evolution—i.e., 
the phase in which it approaches extinction. 
For example, we have used only the Paleo¬ 
zoic history of the orders of nautiloids and 
the superfamilies of articulate brachiopods 
because the possibility of the occurrence of 
a primary divergence in a group approach¬ 


ing extinction is remote. However, in the 
case of the graptolites we have included 
data on the final stage of the group's exist¬ 
ence because the complete geologic history, 
from inception to extinction, illustrates a 
typical pattern of rapid evolution. 

The first appearance of a particular group 
is the most important part of the data pre¬ 
sented here. No attempt was made to show 
the phylogenetic relationships of the vari¬ 
ous groups to each other, for two reasons. 
The first is that this information is unim¬ 
portant for our purposes in this paper. Sec¬ 
ondly, many of these relationships are not 
well understood and are a matter of conjec¬ 
ture. The writers do not claim to be experts 
on the phylogeny of the groups used as ex¬ 
amples. 

In the presentation of the data concern¬ 
ing the time of origin, only the primary di¬ 
vergences or largest subdivisions of a par¬ 
ticular group have been used. In other 
words, for the phylum Mollusca we have 
considered only the classes; for the subclass 
Nautiloidea we have used only the orders. 

We are well aware that scientists differ 
in their opinions concerning the classes 
which should be included in a particular 
phylum, the orders which should be in¬ 
cluded in a particular class, and, in some 
cases, the question of whether a certain 
group should be ranked as a class or an 
order or whether another group should be 
ranked as an order or a family. For this 
paper we have excluded aberrant groups for 
which the allocation is questionable and 
have sought to avoid excesses of classifica- 
tional splitting and lumping. In deciding 
which primary subdivisions to include in 
each of our maj or groups we have relied on 
either the consensus or the latest authority. 
We have also done this for the data regard¬ 
ing the time of the first appearance of each 
primary subdivision, in some cases taking 
the majority opinion from standard text¬ 
books on paleontology and zoology and in 
others using the most recent authoritative 
work. Only in the latter cases have we spe¬ 
cifically cited the references from which our 
data were taken. 

There is no exact agreement on the time 
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span, in millions of years, of the various 
periods of geologic history. We have used 
the same time scale as was used by Knight 
(1952, p. 7) with the exception of dividing 
the Carboniferous into Mississippian and 
Pennsylvanian periods and combining the 
Tertiary and Quaternary periods by using 
the Cenozoic era. Knight stated that his 
data were taken from Report of the meas¬ 
urement of geologic time of the Division of 
Geology and Geography , National Research 
Council, for 1949-1950, p. 18. The writers 
have not seen this latter reference. The 
chart used by Knight is here reproduced, 
with few modifications: 


Era or period 

Duration, millions 
of years 

Occurrence, millions 
of years ago 

Cenozoic 

60 

0-60 

Cretaceous 

70 

60-130 

Jurassic 

25 

130-155 

Triassic 

30 

155-185 

Permian 

25 

185-210 

Pennsylvanian 

25 

210-235 

Mississippian 

30 

235-265 

Devonian 

55 

265-320 

Silurian 

40 

320-360 

Ordovician 

80 

360-440 

Cambrian 

80 

440-520 


discussion of compiled data 

The sequence in which the examples are 
presented is from the groups of organisms 
that are structurally simpler to the more 
complex ones. The first example (Fig. 1), 
therefore, comprises four families of plank¬ 
tonic Foraminifera as compiled by Loeb- 
lich and collaborators (1957). These fam¬ 
ilies are generally considered by most 
micropaleontologists to be phylogenetically 
related, although there are a few planktonic 
Foraminifera not included in these four 
families. In preparing this figure the writers 
arbitrarily assigned the same amount of 
time to each of the Cretaceous stages, there 
being 12 of them if the Danian is excluded 
as was done by Loeblich and his collabo¬ 
rators. The first family, the Orbulinidae, 
appeared at the beginning of the Hau- 
terivian stage, approximately 120 million 
years ago, and continues to the present. At 
the beginning of the Aptian stage, approxi¬ 
mately 12 million years later, two more 
families emerged—the Globorotaliidae and 
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Fig. 1 . — Periods of existence of four related fam¬ 
ilies of planktonic Foraminifera. Data taken from 
Loeblich and collaborators, 1957. Horizontal stubs 
demark 10-million-year intervals. 

the Hantkeninidae. These two families also 
have living representatives. Finally, at the 
beginning of the Turonian stage, the last 
of the families arose, the Globotruncanidae, 
only 30 million years after the first-appear¬ 
ing of these four families. The Globo¬ 
truncanidae were a relatively short-lived 
family that became extinct at the end of 
the Cretaceous. To summarize: within 12 
million years three of the four families 
made their appearance, and within ap¬ 
proximately 30 million years all of them 
had emerged. Thus, all the basic differentia¬ 
tion took place within a time span of 30 
million years and no new families have 
appeared in the last 90 million years. 

The next example (Fig. 2) comprises the 
families of tabulate corals (data taken from 
Hill and Stumm in Moore, 1956). The first 
two families of the Tabulata, the Chaeteti- 
dae and Syringophyllidae, appeared almost 
simultaneously at the beginning of the mid¬ 
dle Ordovician. Two more families, the 
Heliolitidae and Halysitidae, made their 
appearance during the upper part of the 
middle Ordovician no more than 20 million 
years later. At the beginning of the late 
Ordovician the Auloporidae and Favositi- 
dae arose; this was no more than 30 million 
years after the first two families of tabulate 
corals began their existence. Thus, in ap¬ 
proximately 30 million years the basic di- 
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Fig. 2.—Paleozoic history of the families of tabulate corals. Data taken from Hill and Stumm in Moore, 
1956. Horizontal stubs demark 20-million-year intervals. 

Fig. 3.—Periods of existence of the suborders of rugose corals. Data taken from Hill in Moore, 1956. 
Horizontal stubs demark 20-million-year intervals. 


vergence of the Tabulata was completed, 
and no new families appeared throughout 
the remaining 200 million years of the Pa¬ 
leozoic era. 

Many of the major groups studied have 
included subgroups which existed only 
briefly, usually early in the history of the 
major group. For example, the Syringophyl- 
lidae, Heliolitidae, and Halysitidae ap¬ 
peared within the first 20 million years of 
tabulate existence. The Syringophyllidae 
were extant for about 70 million years, the 
Heliolitidae for less than 120 million years, 
and the Halysitidae for about 80 million 
years. The occurrence of short-lived sub¬ 
groups is common enough that it should be 
considered an important phenomenon, al¬ 
though it has been left unexplained in the¬ 
ories on the basic causes of evolution. 

The suborders of the rugose corals (Fig. 
3) (data taken from Hill in Moore, 1956) 
provide another illustrative example of 
rapid primary divergence. All three subor¬ 
ders of the Rugosa emerged within about 
the first 10 million years of the order’s be¬ 


ginning in the middle Ordovician. No new 
suborders appeared during the remainder of 
the Paleozoic, a span of 220 million years, 
although many families and groups of lesser 
rank did arise after all of the suborders had 
been established. 

Another interesting example (Fig. 4) is 
that of the primary divergence in the scle- 
ractinian corals (data taken from Wells in 
Moore, 1956). Three of the five suborders 
appeared almost simultaneously in the mid¬ 
dle Triassic. About 25 million years later 
the fourth suborder arose in the early Juras¬ 
sic. Some 80 million years after that, or 
about 105 million years after the sclerac- 
tinians began, the last suborder originated 
in the late Cretaceous. No new suborders 
have appeared during the 70 million years 
since. Most of the basic divergence in the 
scleractinian corals took place within the 
first 25 million years, and only one new 
suborder appeared in the last 150 million 
years of scleractinian history. 

Many scientists, particularly in the field 
of genetics, would expect evolution to be a 
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FIG. 
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Fig. 4.—Periods of existence of suborders of scleractinian corals. Data taken from Wells in Moore, 
1956. Horizontal stubs demark 10-million-year intervals. 

Fig. 5.—Hypothetical periods of existence of suborders of scleractinian corals. If evolution were a 
slow, gradual, and steady process, with primary divergences occurring at regular intervals throughout 
geologic history, new suborders of scleractinian corals would have arisen at 35-million-year intervals. 
Cf. Fig. 4. 


relatively steady and gradual process, with 
primary divergences occurring one by one 
at regular intervals throughout the history 
of a major group. We digress here in order 
to compare the actual paleontologic record 
of the suborders of the scleractinian corals 
with the theoretical record which would 
have been established if this hypothesis 
were true (cf. Figs. 4 and 5). Assuming that 
the scleractinian corals have existed for 
175 million years, the first suborder having 
originated at the beginning of the middle 
Triassic, one might expect the other four 
suborders to appear thereafter one at a time 
at 35-million-year intervals (and a new 


suborder would be due to arise soon). Thus, 
according to the “regular interval” theory, 
one suborder would have originated at the 
base of the middle Triassic, one in the mid¬ 
dle Jurassic, one in the early middle Creta¬ 
ceous, one in the late Cretaceous, and one 
near the middle Cenozoic. In actual fact, 
however, the record is remarkably different. 

It should be pointed out that the forego¬ 
ing comparative example is based on a 
group that evinces little or no indication of 
decline in evolutionary vigor at the present 
time. Similar comparisons between actual 
and theoretical evolution are presented in 
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Fig. 6. —Periods of existence of classes of Bryo- 
zoa. Horizontal stubs demark 20-million-year in¬ 
tervals. 


Figs. 8 and 9, the classes of the Mollusca, 
and Figs. 12 and 13, the classes of the Echi- 
nodermata. These phyla also show no tend¬ 
ency toward extinction at the present time. 
In all three examples it is clear that major 
divergences have not occurred gradually or 
at regular intervals throughout the history 
of each group. 

Returning to the presentation of the basic 
data, we cite another good case of early 
rapid divergence: the five classes of the 
phylum Rryozoa (Fig. 6). Within prob¬ 
ably 10 million years during late Cambrian 
and early Ordovician times, four of the five 
classes appeared. Not until 310 million 
years later did the fifth class, the Cheilo- 


stomata, make its debut during the late 
Jurassic. No new classes of the Bryozoa 
have appeared within the past 140 million 
years. In other words, most of the basic di¬ 
vergence in the Bryozoa occurred during a 
brief span of 10 million years; for the past 
450 million years, little primary divergence 
has occurred within the phylum. 

The superfamilies of the Paleozoic articu¬ 
late brachiopods (Fig. 7) also provide a 
good example of rapid primary divergence. 
The data were taken from Cooper and Wil¬ 
liams (1952, part of fig. 6, p. 332). At the 
beginning of the Cambrian the Orthacea 
emerged. No more than 20 million years 
later, still in the early Cambrian, three more 
superfamilies began their existence. Two of 
these, the Rustellacea and the Kutorgina- 
cea, were short-lived and became extinct 
within about 35 million years. Then there 
was a lag of nearly 80 million years, or 100 
million years after the beginning of the 
Cambrian, before more divergent mutation 
took place. The Triplesiacea and the Atry- 
pacea appeared almost simultaneously in 
the middle of early Ordovician time. About 
10 million years later two more superfami¬ 
lies emerged in the late early Ordovician. 
Some 15 million years after that, five more 
superfamilies appeared; this was accom¬ 
plished by middle Ordovician time. During 
the late Ordovician one more superfamily 
arrived on the scene, the Productacea. Thus, 
within a part of the Ordovician period span¬ 
ning less than 60 million years, 10 new su¬ 
perfamilies appeared. By the middle part of 
the early Silurian the last two superfamilies 
began their existence. It took more than 170 
million years for all 16 of the superfamilies 
to emerge. In the remaining 165 million 
years of the Paleozoic era, no new super¬ 
families of articulate brachiopods appeared, 
and, with one possible exception, none arose 
during the articulate brachiopods’ period of 
decline in evolutionary vigor, the 185 mil¬ 
lion years represented by the Mesozoic and 
Cenozoic eras. 

The time lag of 80 to 100 million years 
between the appearance of the first articu¬ 
late brachiopod superfamilies and the time 
of rapid divergence which began in the early 
Ordovician is analogous to the time lag be¬ 
tween the inception and the period of rapid 
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Fig. 7. —Paleozoic history of superfamilies of articulate brachiopods. Data taken from Cooper and 
Williams, 1952, part of fig. 6, p. 332. Horizontal stubs demark 20-million-year intervals. 


emergence of the mammalian orders. As in 
the case of the mammals, the postponement 
of rapid divergence of the articulate brachi¬ 
opods may have been due in part to compe¬ 
tition from another group—in this instance 
the inarticulate brachiopods which flour¬ 
ished first. Another possibility is that the 
Cambrian seas may have been more suit¬ 
able for animals with chitinophosphatic 
shells (e.g., most, but not all, of the inar¬ 
ticulate brachiopods), whereas a favorable 
environment for animals with calcareous 
shells (e.g., the articulate brachiopods) did 
not develop until later. This possibility 
seems to be confirmed by the fact that many 
calcareous-shelled animals originated in 
the early and middle Ordovician (Ray¬ 
mond, 1939, p. 42); examples are the pelecy- 
pods, the rugose and tabulate corals, and 
the bryozoans. Possibly these two factors 
together may have caused the postpone¬ 
ment of rapid primary divergence of the 
articulate brachiopods. 


The classes of the Mollusca (Fig. 8) orig¬ 
inated early in the history of the phylum. 
The gastropods began at the base of the 
Cambrian. About 60 million years later, in 
the late Cambrian, the Cephalopoda and 
the Amphineura appeared. Twenty million 
years after this latter event, at the begin¬ 
ning of the Ordovician, the Pelecypoda be¬ 
gan their existence. Finally, the Scaphopoda 
emerged at the base of the Silurian, 160 mil¬ 
lion years after the beginning of the Cam¬ 
brian, or 80 million years after the appear¬ 
ance of the Pelecypoda. No new classes of 
Mollusca have emerged during the 360 mil¬ 
lion years since the beginning of the Silu¬ 
rian. In other words, most of the primary 
divergence within the Mollusca was accom¬ 
plished in no more than 80 million years, 
and it all occurred within a span of 160 mil¬ 
lion years. All the known classes of the Mol¬ 
lusca are long-lived. 

Once again the authors digress, this time 
to compare the actual history of the ap- 
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Fig. 8.—Periods of existence of classes of Mollusca. Horizontal stubs demark 20-million-year intervals. 

Fig. 9.—Hypothetical periods of existence of classes of Mollusca. If evolution were a'slow, gradual, 
and steady process, with primary divergences occurring at regular intervals throughout geologic his¬ 
tory, new classes of Mollusca would have arisen at 104-million-year intervals. Cf. Fig. 8. 


pearance of the molluscan classes, based on 
the paleontologic record, with a hypotheti¬ 
cal sequence of divergences based on the 
idea that the classes should appear at ap¬ 
proximately regular intervals throughout 
the entire history of the phylum. If the time 
from Cambrian to Recent is taken as 520 
million years and the first class originated 
at the base of the Cambrian, then the next 
four classes should have emerged one by 
one at approximately 104-million-year in¬ 
tervals and a new, or sixth, class could be 
expected to appear soon. Accordingly, one 
class should have arisen at the beginning of 
the Cambrian, the next one in the early 


middle Ordovician, the third near the be¬ 
ginning of the Devonian, another at about 
the base of the Permian, and the last known 
one in the middle Cretaceous. That the ac¬ 
tual record is sharply different from the 
hypothetical is illustrated by a comparison 
of Figs. 8 and 9. 

Another case of early rapid divergence 
(Fig. 10) is seen in the orders of the nauti- 
loids (data taken from Flower and Kummel, 
1950, with slight modifications). During the 
late Cambrian the first order of nautiloids, 
the Ellesmeroceratida, appeared. Beginning 
at the base of the Ordovician and extending 
to the middle Ordovician, a tremendous 

































December 1959 nicol et al.: differentiation in some invertebrates 


359 














-5? 

< 

< 


PERMIAN 

- 











Q 

Q 

Q 














M 

M 

M 














Eh 

a 

a 

_ 

PENNSYLVANIAN 












< 

M 

M 













Q 

PS 


Eh 













W 

w 

O 



MISSISSIPPIAN 











Eh 

< 

o 

o 

o 

S3 

<< 

25 

_ 












PS 

PS 













< 


« 


U4 












Q 


Eh 



_ 

DEVONIAN 





< 

o 




M 

Eh 


O 

O 

Eh 

S3 

W 

O 

CO 





< 



H 






O 






< 

Q 


< 

H 

< 



PS 

< 

PS 






—cr 

-H 


—cr 

—<r 

~t=t 



W 

— an 







H 

E-h 

< 

M 

PS 

M 

< 

< 

o 

H 






SILURIAN 

- H 

< 

Q 

Eh 

w 

Eh 

Q 

Q 

o 

PS 





- 


< 

PS 

H 

< 

o 

< 

M 

w 

w 

o 







PS 

w 

H 

PS 

o 

PS 

Eh 

Eh 

Q 

co 







W 

o 

< 

w 


W 

< 

< 

S3 

o 







o 

o 

PS 

o 

M 

o 

PS 

PS 

< 

o 







o 

PS 

w 

>H 


o 

W 

w 

PS 

CO 







PS 

« 

o 

PS 

W 

S3 

o 

o 

PS 

H 






ORDOVICIAN 

” w 

•-) 

o 

P« 

K 

M 

o 

o 

< 

Q 







s 

co 

Q 

PS 

O 

Eh 

o 

o 

DQ 








_ co 

co 

S3 

< 

M 

O 

co 

S3 









w 

<« 

w 

E-h 

s 

< 

< 

o 









»-3 

d 















CAMBRIAN 


Fig. 10.—Paleozoic history of orders of nautiloid cephalopods. Data taken from Flower and Kummel, 
1950, with slight modifications. Horizontal stubs demark 20-million-year intervals. 


burst of divergent mutation occurred: 
within a span of no more than 40 million 
years, and within about 60 million years of 
the first appearance of the nautiloids, nine 
new orders emerged. Several of these were 
relatively short-lived, having existed for 
about 100 million years and in a few cases 
even less. Between 80 and 90 million years 
later, in the early Devonian, two more or¬ 
ders appeared. Finally, the last two orders 
arose in the early Mississippian about 195 
million years after the beginning of nauti¬ 
loid history. No new orders of nautiloids 
emerged during the final 80 million years 
of the Paleozoic, nor did any appear during 
the Mesozoic and Cenozoic eras when the 
general trend of the nautiloids was toward 
extinction. It is noteworthy that five-sev¬ 
enths of the nautiloid orders originated 
within the first one-seventh of the nauti¬ 


loids’ period of existence. In other words, 
most of the major groups (10 of 14) ap¬ 
peared between the late Cambrian and mid¬ 
dle Ordovician. This corresponds well with 
the time of rapid divergence of many other 
organisms that had calcareous shells. In the 
last 400 million years of nautiloid history 
only four new orders emerged, and even 
they all began within the first 135 million 
years of that span of time. 

The first superfamily of Paleozoic ostra- 
codes (Fig. 11) emerged at the beginning 
of the Ordovician period. In the early Ordo¬ 
vician, also, and about 15 million years 
later, two more superfamilies appeared. 
About 190 million years after that, the 
fourth and last superfamily originated; this 
was at the base of the Pennsylvanian period. 
During the remainder of the Paleozoic era, 
50 million years, no new superfamilies of 
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Fig. 11.—Paleozoic history of four superfamilies of ostracodes. 
Horizontal stubs demark 20-million-year intervals. 

Fig. 14. — Paleozoic history of three subclasses of crinoids. 
Horizontal stubs demark 20-million-year intervals. 


ostracodes emerged. Thus, three of the four 
major groups of ostracodes arose within a 
span of 15 million years during the early 
Ordovician, and only one new superfamily 
appeared during the remaining 240 million 
years of the Paleozoic era. 

In regard to early divergent mutation, 
perhaps the most illustrative and interest¬ 
ing group studied comprises the classes of 
the phylum Echinodermata (Fig. 12). The 
data, collated from several different sources, 
represent a concensus of authorities. A few 
questionable groups were not included, as 
for instance the Bothriocidaroida, which is 
considered a separate class by Moore 
(Moore, Lalicker, and Fischer, 1952, p. 577) 
but not by others, and the classes Cya- 
moidea and Cvcloidea, which are aberrant 
short-lived middle Cambrian groups and 
are discussed only by Shrock and Twen- 
hofel (1953, pp. 694-696). If these groups 
had been included in the present study, the 
depiction of early divergent mutation 
among the echinoderms would have been 
even more striking. 

Near the beginning of the Cambrian the 
Edrioasteroidea appeared, and about 25 
million years later, in the middle Cambrian, 
the Eocrinoidea made their debut. Also in 


the middle Cambrian, and about 10 million 
years after the appearance of the Eocri¬ 
noidea, the Carpoidea emerged. For the re¬ 
mainder of the Cambrian, about 40 million 
years, no new classes of echinoderms ap¬ 
peared. At the beginning of the Ordovician, 
however, three more classes arose. Within 
the next 40 million years, and no later than 
middle Ordovician, the Paracrinoidea, Cys- 
toidea, Echinoidea, and Blastoidea made 
their debut. The Holothuroidea originated 
in the middle Devonian, no more than 110 
million years later than the middle Ordovi¬ 
cian. No new classes appeared after the 
middle Devonian, or for the past 290 mil¬ 
lion years. Except for the holothuroids, all 
the classes of echinoderms emerged within 
the first 120 million years (roughly the 
first quarter) of the history of the phylum. 
The most rapid divergence took place within 
the first 40 million years of the Ordovician 
period, coinciding again with the time of 
rapid divergent mutation of many major 
groups of animals with calcareous skeletons. 
It is interesting to note here that several 
of the echinoderm classes were short-lived, 
having originated and expired early in the 
history of the phylum. 

The writers have chosen the classes of the 
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Fig. 12.—Periods of existence of classes of Echinodermata. 
Horizontal stubs demark 20-million-year intervals. 


phylum Echinodermata, a group that shows 
no evidence of becoming extinct, for presen¬ 
tation of another example of the difference 
between the actual and hypothetical records 
of primary differentiation. If we assume 
that the phylum's history from early Cam¬ 
brian to Recent spans 520 million years 
and if we theorize that evolution is a rela¬ 
tively steady and gradual process, the 11 
classes of echinoderms should have origi¬ 
nated one by one at about 47-million-year 


intervals. Hence, their individual emer¬ 
gences should have occurred in the (1) base 
of the Cambrian, (2) middle Cambrian, (3) 
early Ordovician, (4) late Ordovician, (5) 
late Silurian, (6) late middle Devonian, (7) 
latest Mississippian, (8) late Permian, (9) 
middle Jurassic, (10) middle Cretaceous, 
and (11) early Cenozoic. The theory ap¬ 
pears fallacious, however, when one ex¬ 
amines the actual record, which shows that 
three classes originated before the Ordovi- 
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Fig. 13.—Hypothetical periods of existence of classes of Echinodermata. If evolution were a slow, 
gradual, and steady process, with primary divergences occurring at regular intervals throughout geo¬ 
logic history, new classes of Echinodermata would have arisen at 47-million-year intervals. Horizontal 
stubs demark 20-million-year intervals. Cf. Fig. 12. 


cian, seven during the Ordovician, and only 
one thereafter. To facilitate comparison we 
present the actual and theoretical records 
in Figs. 12 and 13. 

The first subclass of Paleozoic crinoids 
(Fig. 14), the Camerata, appeared at or 
near the beginning of the Ordovician. No 
more than 30 million years later, in the 
early middle Ordovician, the other two sub¬ 
classes made their debut. Once again we see 


the early and middle Ordovician as a period 
of rapid emergence of animals having cal¬ 
careous shells. For the remainder of Paleo¬ 
zoic time, about 225 million years, no new 
subclasses of crinoids arose. 

The orders of the irregular echinoids are 
an excellent case of adaptive radiation and 
rapid divergent mutation (Fig. 15). As soon 
as the echinoids developed the ability to 
thrive on a sandy or muddy substrate, they 
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Fig. 15.—Periods of existence of orders of ir¬ 
regular echinoids. Horizontal stubs demark 10-mil¬ 
lion-year intervals. 


evolved quickly. The first order, Holecty- 
poida, appeared in the early Jurassic. Two 
more orders sprang into existence almost si¬ 
multaneously in the early Jurassic, prob¬ 
ably no more than two million years later. 
The last order, the Clypeastroida, did not 
emerge until the late Cretaceous, about 70 
million years later. For the past 80 million 
years no new orders of irregular echinoids 
have arisen. Most of the primary divergent 
mutation occurred within the first two mil¬ 
lion years of the existence of the irregular 
echinoids; only one new order arose during 
the subsequent 150 million years. 

The five orders of graptolites (Fig. 16) 
give an excellent and typical picture of the 
entire history, from inception to extinction, 
of a rapidly evolving group of organisms. 
The Dendroidea appeared first in the mid¬ 
dle Cambrian. About 25 million years later, 
in the late Cambrian, the Graptoloidea 
arose; and approximately 10 million years 
after that, at the beginning of the Ordovi¬ 
cian period, the other three orders began 
their existence. Two of the latter three or¬ 
ders were short-lived, existing for less than 
30 million years. All of the basic divergence 
within the graptolites was accomplished in 
about 35 million years. In the remaining 


185 million years of graptolite existence, no 
new orders appeared. 

The history of the graptolites can be di¬ 
vided into three phases such as Schindewolf 
(1951, p. 139) has depicted for other groups 
of animals. The first phase of rapid diver¬ 
gent evolution (typogenesis) occurred in 
the graptolites from middle Cambrian to 
the beginning of the Ordovician—approxi¬ 
mately 35 million years—and was charac¬ 
terized by the origin of all of the orders. 
The second phase (typostasis), or the acme 
of development of graptolites from the 
standpoint of numbers of families, genera, 
and species, occurred during the Ordovician 
and Silurian periods, or in about 120 mil¬ 
lion years. This second phase was marked 
not only by the origins of new families, gen- 


E A R L I 

MISSISSIFPIAN 

- 

- 

DEVONIAN 

- 





- 


- 





- 


- 





- 

SILURIAN 

- 





- 


" 




■< 

* 

ORDOVICIAN 

- 

< 


u 

M 

a 

- 




■< 

Q 

M 



— 


M 


O 

- 




a 

o 





0 

H 

as 

O 





o 

■< 

-1 





CO 

X 

o 



- 

H 

o 


H 

“ 


< 

a* 






M 

-< 

H 


CO 



Q 

as 






M 

o 






O 





“ 


OS 







Q 





_ 


X 







a 






CAMBRIAN 

- 





- 







* 


Fig. 16.—Periods of existence of orders of grap¬ 
tolites. Horizontal stubs demark 10-million-year 
intervals. 
























JOURNAL OF THE WASHINGTON ACADEMY OF SCIENCES VOL. 49, NO. 10 




era, and species but by the extinction of 
others. Finally, in the third phase (typoly- 
sis) the numbers of lesser subgroups de¬ 
clined and the graptolites became extinct. 
This last phase occurred during the Devo¬ 
nian and early Mississippian and spanned 
65 million years. The senior author (1954, p. 
24) has shown that a similar cycle of de¬ 
velopment, on a much smaller scale, oc¬ 
curred in the long-lived pelecypod species 
Glycymeris americarta with regard to its 
populations and variations. 

INFERENCES AND CONCLUSIONS 

Believing that the 13 examples used in 
this study are representative of major inver¬ 
tebrate groups, the authors observe that 
primary divergent mutation typically oc¬ 
curs early in a group’s history, as dia¬ 
grammed by Schindewolf (1950, p. 239). 
Thus, the origin of a phylum is closely fol¬ 
lowed by the origin of all its classes; the in¬ 
ception of a class is soon followed by the 
inception of all its orders; and a new order 
is quickly completed in terms of its families. 
An occasional major divergence may occur 
much later than the others, but this is rather 
exceptional. These observations are at vari¬ 
ance with the theory that primary differen¬ 
tiation occurs gradually and at regular in¬ 
tervals throughout the history of a given 
group. That the latter contention is fallaci¬ 
ous is graphically demonstrated by a com¬ 
parison of Fig. 4 with 5, 8 with 9, and 12 
with 13, depicting the actual and theoreti¬ 
cal histories of the suborders of the sclerac- 
tinian corals and the classes of the Mollusca 
and Echinodermata. 

One possible explanation for early pri¬ 
mary divergent mutation within a major 
group of animals is alluded to in a somewhat 
different aspect by Simpson, Pittendrigh, 
and Tiffany (1957, p. 588). In discussing the 
appearance of the amphibians they have 
this to say: 

It is characteristic of evolution that the am¬ 
phibians did not evolve from late, specialized, pro¬ 
gressive or perfected osteichthyans, such as the 
teleosts, but from primitive forms that lived near 
the beginning of osteichthyan history. It has usu¬ 
ally been true that when a radical adaptive change 
occurs and a new major group arises, it originates 
from primitive and not from advanced members 


of the ancestral group. With progressive adapta¬ 
tion to any one way of life, there often comes a 
time when the adaptation seems to become irre¬ 
vocable — a special aspect of the irrevocability of 
evolution in general. Then change to a radically 
different way of life becomes, if not impossible, at 
least extremely improbable. 

For example, suppose that the Cephalo¬ 
poda arose from the Gastropoda: this must 
have occurred, if at all, early in gastropod 
history, while the gastropods were still 
primitive and relatively unspecialized, be¬ 
cause later representatives of a major group 
are generally too specialized to give rise to 
another group of equal rank. The actual 
case is that the Cephalopoda did emerge in 
the first one-eighth of gastropod history, 
during the time that the gastropods still had 
primitive or unspecialized representatives. 

A fairly common phenomenon is the oc¬ 
currence of aberrant short-lived subgroups 
such as two orders of graptolites, several 
classes of echinoderms, three families of 
tabulate corals, several superfamilies of 
articulate brachiopods, and several orders 
of nautiloids. In most, but not all, cases 
these short-lived subgroups were among the 
earlier divergences of their respective 
groups. If the taxonomic rank assigned to 
these subgroups is correct on the basis of 
morphology, then several interesting infer¬ 
ences can be drawn. First: knowing that 
extinction of families, orders, and classes is 
not uncommon, one might reasonably as¬ 
sume that extinction of phyla is also not 
uncommon. The type of geologic history 
could be the same, in which case extinct 
phyla may well be more numerous than pa¬ 
leontologists have heretofore acknowledged. 
Thus, when dealing with aberrant groups 
which can be only doubtfully allocated to 
extant phyla, perhaps taxonomists would be 
more accurate in assuming that they repre¬ 
sent extinct phyla. With little confidence 
and less evidence, paleontologists have al¬ 
located aberrant groups such as the conu- 
lariids, stromatoporoids, labechiids, recep- 
taculitids, and pleosponges to phyla which 
still have living representatives; but the 
fossil groups are sufficiently different from 
modern groups that such allocations may 
be erroneous and the extinct groups may ac¬ 
tually represent extinct nhvla. 
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It should be stressed, however, that not 
all extinct groups do represent extinct 
phyla, no matter how difficult their proper 
allocations to extant phyla may be. A class 
of fossil animals having structurally simple 
hard parts may be so lacking in distinctive¬ 
ness that its phyletic assignment is dubious; 
and yet, if the soft parts were available for 
examination, all doubt would be removed. 
Moore (Moore, Lalicker, and Fischer, 1952) 
makes an excellent point when he states 
(pp. 273-274): “The scaphopods hold un¬ 
questioned status as members of the Mol- 
lusca in good standing, but if they were 
known only as fossils, it is certain that they 
would be put on an incertae sedis (uncer¬ 
tain classification) list.” 

Let us further explore the possibility that 
extinct phyla may be fairly numerous. The 
extinction of a phylum of course implies the 
extinction of all its classes. Conversely, the 
survival of other phyla implies the survival 
of at least some of their classes and occa¬ 
sionally the inception of new classes. Con¬ 
sidering extinctions, survivals, and new in¬ 
ceptions, one is led to wonder whether there 
were more phyla and classes of living inver¬ 
tebrates at any one time in the past than 
there are today. In the case of the echino- 
derm and bryozoan classes, to cite but two 
examples, there is no doubt. One has only to 
look at Figs. 6 and 12 to see that these 
phyla had more classes of living representa¬ 
tives in the Paleozoic era than in the pres¬ 
ent. Yet these phyla do not appear to be 
approaching extinction. That is to say, de¬ 
spite a net reduction in the number of 
classes, the echinoderms and bryozoans are 
still flourishing and may actually have more 
genera and species today than at any other 
moment of history. 

Although they may represent few^er 
classes and phyla, w T e would be inclined to 
believe that there are as many species, gen¬ 
era, families, and possibly orders of animals 
and plants living on the earth today as at 
any specific time in the geological past. 
When one considers the ecological relation¬ 
ships among plants and animals, one real¬ 
izes that the appearance of a new species 
generally provides another ecological niche 
or habitat for one or more additional species 


as commensals, symbionts, or parasites. The 
development of grasses provided impetus to 
the evolution of mammals; the origin of 
flowering plants promoted the development 
of insects; more fundamentally, the emer¬ 
gence of land plants was followed by rapid 
evolution of terrestrial animals. Further¬ 
more, most non-parasitic animals have par¬ 
asites living inside or outside their bodies, 
and many of the parasites are peculiar to 
one or, at most, a few species of host; and 
so the origin of a new host species encour¬ 
ages the origin of new parasites. Of course, 
it follows that the extinction of a species 
may lead to the extinction of some or all of 
its commensals, symbionts, and parasites; 
but we strongly suspect that in the general 
trend of geologic history the proliferation 
of some genera has fully offset the decline 
of others. Accordingly, while there may 
have been a net decline in the number of 
major living groups (phyla and classes), 
there has probably been no net decline in 
the number of minor living groups (genera 
and species). 

Commenting on extinctions, survivals, 
and new inceptions of major and minor 
groups, Simpson, Pittendrigh, and Tiffany 
(1957, p. 754) state: 

Since the Ordovician innumerable groups have 
died out, but as they disappeared their places were 
simply taken over by other groups, generally of 
more recent origin. Among animals and animal-like 
protists that are at all likely to leave a fossil record, 
there are only 12 phyla and 31 classes in the pres¬ 
ent seas. That actually represents a slight decrease 
from the 13 phyla and 33 classes known for late 
Ordovician seas. The recent phyla are the same as 
those of the Ordovician. Several of the classes are 
of later origin and have replaced extinct classes 
present in the Ordovician. Replacement has been 
more and more complete at lower levels of the 
hierarchy of classification. 

Why have some of the major groups be¬ 
come extinct? In assembling the data for 
this paper we have observed the following 
facts. It seems that several different basic 
patterns of morphology arose among the 
groups which, early in their history, had a 
number of short-lived primary subgroups, 
as for example the classes of the Echinoder- 
mata and the orders of the Nautiloidea. In 
each case, the “successful” pattern of mor- 
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pliology was exhibited only by the long- 
lived subgroups and was characterized by 
the development of numerous genera and 
species flourishing over a wide geographic 
area for a long period of time. Once the 
basic pattern had been established, subse¬ 
quent modifications were relatively minor 
but numerous. In contrast, the basic mor¬ 
phologic patterns adopted by the short¬ 
lived subgroups (and a few of the long-lived 
ones) exhibited very few minor modifica¬ 
tions and never became “successful” in the 
sense of being characterized by large num¬ 
bers of genera and species and broad geo¬ 
graphic range. 

Completing our summary, we call atten¬ 
tion to the fact that many groups of ani¬ 
mals with calcareous skeletons show pri¬ 
mary divergence most rapidly during the 
latest Cambrian and early and middle Or¬ 
dovician. Exemplifying this phenomenon 
are the echinoderms, the tabulate and ru¬ 
gose corals, the bryozoans, the articulate 
brachiopods, the mollusks, the nautiloids, 
and the Paleozoic crinoids. Raymond (1939, 
pp. 34, 38-40, 42) noted that the Ordovician 
was a period of rapid development and 
evolution of calcareous-shelled animals, and 
our data confirm his assertions. 
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